The possibility to generate short spin waves is of great interest in the field of magnonics nowadays. We present an effective and technically affordable way of conversion of long spin waves, which may be generated by conventional microwave antenna, to the short, sub-micrometer waves. It is achieved by grating-assisted resonant dynamic dipolar interaction between two ferromagnetic layers separated by some distance. We analyze criteria for the optimal conversion giving a semi-analytical approach for the coupling coefficient. We show by the numerical calculations the efficient energy transfer between layers which may be either of co-directional or contra-directional type. Such a system may operate either as a short spin wave generator or a frequency filter, moving foreward possible application of magnonics.
Smaller is better. This paradigm is a driving force in many modern branches of applied physics and technology. The advances in miniaturization of silicon-based logic devices have followed famous Moore's law to the 1990s [1] . Now, the dimensions and operating voltages in CMOS technology are pushed to the limits. Therefore, new ideas for memory and logic devices are desirable and some have already been emerged [2] .
Some of the novel concepts come from magnonics, which is promising for processing information field of modern magnetism [3] [4] [5] . Magnonics deals with the spin waves (SWs) as a carrier of information and thus it is expected to combine high frequency and short wavelength together with low power consumption [6] [7] [8] . The possibility of miniaturization of spin-wave-based logic devices is dependent on the wavelength, thus the attention is focused on searching the ways of generation of short SWs. Several approaches has been recently reported: shortening the wavelength in a tapered waveguide [9] , microwave-to-SW transducers based either on magnetic wires [10] , nanostructure edges [11] , diffraction gratings [12] [13] [14] , coplanar waveguides [15] or anisotropymodulated multiferroic heterostructures [16] , transduction of acoustic waves into short SWs due to magnetoelastic coupling [17, 18] , and emitters based on currentdriven oscillating pinned domain walls [19] .
The SW waveguides, multiplexers [20] , coupled waveguides with or without exploitation of periodic gratings [21] [22] [23] have been investigated as basic units for processing information, some of them were demonstrated experimentally. Most of these studies deal with the inplane SW propagation. but control of SW propagation in out-of-plane direction is promising for applications, although an area of 3D magnonics still remain unexplored [24] . Multilayer structures have already been studied for controlling SW spectra in thin films with using periodic gratings [25] [26] [27] , periodic gratings were also used to excite and detect SWs propagating in homogeneous film beneath it. However, the way of transferring of the SW energy in the vertical direction has not yet been established.
In this paper we investigate the effect of gratingassisted directional coupling between SWs propagating in two ferromagnetic layers. We formulate phenomenological expression for the coupling strength and discuss a co-directional and contra-directional couplings between the layers, which allow for a transfer energy between them. The conditions for efficient resonant coupling are defined. In numerical simulations we consider permalloy (Py)-CoFeB bilayer separated by nonmagnetic spacer, with Py layer decorated with a grating. We show, that it is possible to achieve complete SW power exchange between the layers, if the structure is optimized for resonant, phase-matched interaction of a proper magnitude. We propose such a system to be a simple and efficient transducer for generation of short SWs in Py from long SWs in CoFeB, which allows to transfer the SW signals in the vertical direction, and to exploit it as a narrow band filters for future magnonic devices.
The phenomenon of coupling and energy exchange between two identical uniform ferromagnetic films has already been discussed [28, 29] and it was shown with Brillouin light spectroscopy (BLS) for side coupling between two waveguides two years ago [30] . Recently, application of that effect, widely used in photonics from many years [31, 32] , has been proposed for signal processing with two coupled magnonic waveguides [33] . In this case, the resonant interaction between SWs propagating in the identical waveguides exists in relatively wide range of frequencies if the distance between them is properly tuned. If the layers are different, the SWs are decoupled and each wave becomes confined to a single layer. However, the existence of the other layer still affects the dispersion of the SWs in a range of frequencies. We can couple them again by introducing the periodicity of the structure. Folding of the bands to the Brillouin zone will result in multiple crossings of the bands that originate from different layers. Then, by tuning the distance between layers, to ensure that crossings lies in the region of strong interaction between layers, we can achieve strong hybridization between the SW bands. To sum up, the criteria of efficient power exchange between different ferromagnetic media (waveguides or layers) are the following: (1) the resonance, i.e. the equality of the frequencies, (2) phase matching-equality of the wavevectors, and (3) strong interaction between layers.
For the efficient energy exchange between SWs in the coupling-in-space mechanism, it is crucial to choose materials with low damping. The best candidates are yttrium iron garnet (YIG) and CoFeB. However, due to the extremely high magnetic contrast between that materials, it is difficult to match all three conditions: the wavelength of the SW in YIG is much shorter than in CoFeB at the same frequency, and it is the wave mainly driven by the exchange interaction. As a result, the mode in YIG creates very weak stray magnetic field around and the layers must be in an unfeasibly close distance to couple. Due to this, we have chosen Py and CoFeB as materials of significant contrast, but small enough to ensure high stray fields for both SW modes.
Considered bilayer system ( Fig. 1 ) consists of CoFeB 30 nm thick homogeneous film and 30 nm Py film. Py is patterned periodically with grooves of 300 nm width and the depth of either 5 nm (Py5) or 15 nm (Py15). The grating has the lattice constant 600 nm. Such dimensions make the structure feasible for fabrication and SWs detection achievable by conventional techniques, such as BLS or SW spectroscopy. We assume, that the layers are infinite along the x 2 -coordinate. The separation between layers has been optimized for the sufficient strong interaction at the points of lowest band crossings (discussed latter) and its value is fixed to 200 nm.
To study coupling in the bilayered structure the Landau-Lifshitz-Gilbert equation has been solved either in frequency-domain (for calculation of the dispersion relations) or in the time-dependent computations, both with the use of COMSOL Multiphysics. The details of calculations are described in Ref. 34 . We assumed for the CoFeB (Py) layer the values of the exchange constant of 15 pJ/m (13 pJ/m), of the saturation magnetization 1250 kA/m (860 kA/m) and the damping 0.004 (0.01). The results of finite element method have been verified by the micromagnetic simulations performed with MuMax3 [35] , which was also used to estimate effectiveness of the SW transfer between the layers and to study filtering properties.
Before presenting the numerical results, we formulate an approach for calculation the coupling between SWs propagating in two different ferromagnetic layers, a and b, which is based on the coupled mode theory widely used in electromagnetism [36, 37] . A dynamic magnetization m a of the SW mode in the layer a is under influence of the magnetic stray field h b generated by the SW m b in the layer b. The energy of this interaction is:
where integration is conducted through the area S of the unit cell of the structure (see, Fig. 1 ). The fields are normalized according to S −1 m i · h i dS = 1, where i = a, b. The power transferred from the layer b to the layer a is given by:
The coupling coefficient κ
ab which describes energy flow from medium a to b is defined similarly. This formula allows to estimate coupling strength between two waveguides knowing the distributions of stray fields h i and related SW amplitudes m i of the separated layers. As κ ≡ |κ ab | = |κ ba | is a periodic function of the coordinate in grating-assisted coupler [38] , the formula (2) describes an average value of the coupling coefficient in the unit cell. The value of the coupling coefficient κ (ω) defines also the width of the band splitting in a dispersion relation in the frequency scale (Fig. 2) . We can express coupling coefficient also in the wavevector scale by κ (k) = κ (ω) /v where v = (v a + v b )/2, and v a is the group velocity of SW in the layer a and v b in the layer b. It is assumed that group velocities are constant close to the modes crossing. By this reformulation of the coupling coefficient from the frequency to the wavevector scale, it is possible to describe the coupled modes as a sum of two modes which wavenumbers differ by ∆k = 2κ
(k) and one of them is symmetric while the other is antisymmetric.
In the structure with periodicity, the folding back to the first Brillouin zone exists, the two family of bands, these related to SWs in a and b layers, cross each other. The crossing bands can have the same (Fig. 2a) or opposite (Fig. 2b) sign of the group velocity. In the first case we call them co-directional and in the second contradirectional couplings. Considering co-directional coupling (Fig. 2a) , the interference of the two waves which differ by ∆k and propagate in both layers results in the effect of beating with the spatial frequency defined by κ (k) (Fig. 2c) . In case of contra-directional coupling (Fig. 2b) , the value of κ (k) becomes imaginary at the vicinity of crossing. The wave is a sum of two modes k a = k 0 + iκ and k b = −k 0 + iκ which propagate in opposite directions. If we suppose that initially the input wave exists only at the layer a, the resulting effect is a Bragg reflection: the amplitude of the wave m a (x 1 , t) is a decaying function of x 1 (Fig. 2d) and the outgoing wave m b (x 1 , t) propagates in the opposite direction. Figure 3 (a) shows the dispersion relation for the CoFeB/Py5 system with (see the yellow dots). Blue and red dots indicate dispersion relations of the isolated Py film with 5 nm deep groves (Py5) and CoFeB films, respectively. It is seen from the plot, that the dispersion of bilayered structure differ from the dispersions of isolated films at a range of frequencies. For k close to zero the frequencies for CoFeB/Py5 are the same as for separate films, because the stray fields are absent for homogeneous excitation and weak in long-wavelength limit. On the other hand, for high values of k dispersion reaches exchange regime and stray fields become also weak. Between that two limits there exists a region of strong interaction.
The effect of nonreciprocity is also apparent from Fig. 3(a) for the bilayered structure. It is manifested both, by a difference in the frequency of the waves at +k and -k, as well as the differences in the coupling strength on both sides of the Brillouin zone center. Clearly, hybridization at crossings for the −k are stronger than for the positive values of k. These effects are due to nonreciprocity of the Damon-Eshbach mode and the asymmetry of the structure [27, 39] .
The branches which originate from the dispersions of two different films anti-crosses at some k points. Thus, choosing appropriate crossing points in the region of strong interaction, we can fulfill the criteria of resonance and phase matching for that waves, required for SW power exchange between the layers. For the time-domain investigation described below we have chosen crossings at 13 GHz (for co-directional coupling) and 10.6 GHz (for contra-directional coupling) presented in Figs. 3(c) and 3(d), respectively.
The line source of the wave in simulations is placed at x 1 = 28 µm in the CoFeB film. CoFeB film exists along the whole x 1 -range, while Py spreads out from x 1 = 0 to x 1 = 25 µm. The corrugation of Py film (stripe hole depth) is here c = 5 nm (Py5). Strong damping close to the both ends of CoFeB and left end of Py is introduced to prevent reflections. Fig. 4(a) shows magnetization component m 1 after 15 ns of excitation. The amplitude of the SW which goes to the left is decreasing from the maximum value at x 1 > 25 µm to almost zero at x 1 = 14.5 µm. Its wavelength is 1.51 µm. At the same distance, the SW in Py appears to reach maximum amplitude at x 1 = 14.5 µm. Therefore, the energy of the wave in CoFeB has been vertically transformed into the energy of the wave in Py5 completely at a distance When the damping is introduced, the effect of energy exchange between layers is strongly suppressed. As it is shown in Fig. 4(b) , the short wave in Py5 is still excited by the wave in CoFeB, but it is not accumulated in the layer. The damping length for Py film is of about 2-3 µm, thus it is much smaller than the length at which transfer from CoFeB occurs. At a given distance, Py film looses more energy than it gets from CoFeB and accumulation cannot take place.
We can recover accumulation of energy in Py layer with damping by increasing coupling coefficient between layers. For this purpose we increase the corrugation depth of Py to c = 15 nm (Py15). The dispersion relation for CoFeB/Py15 is shown in Fig. 3(b) . It is clearly seen, that the separation between branches increased significantly at the poins of crossings, which indicates increase of coupling strength. The calculated value of κ (k) [Eqs.
(1) and (1)] is 0.43 µm −1 which gives L tr = 3.7 µm. The time-dependent simulations are presented in Fig. 4(c) . The wave in CoFeB vanish much faster with the distance, because it transfers the energy to Py in shorter time. The excited wave in Py grows and the amplitude reaches maximum value at x 1 = 23 µm. Therefore, the energy is clearly accumulated in Py despite damping. At further distance it is seen that small amount of energy is transferred back to CoFeB and again back to Py15.
The crossing shown in Fig. 2(b) from the dispersion relation in Fig. 3(b) We performed time domain simulations with the 10.6 GHz excitation at the source line in the system similar to the discussed above for co-directional coupling. The difference is that we introduced the fragment of the homogeneous Py layer at the x 1 between 20 µm and 25 µm with the strong damping close to the right edge. This allows us to observe the wave going out of the periodic structure toward the right direction. Figure 5 (b) shows the results of simulations after 5 ns of excitation. Clearly, the wave of the wavelength of about 700 nm is excited in Py15 by the wave of the wavelength 3.85 µm in CoFeB. However, the amplitudes of both waves decay with the distance. The distance at which amplitude decreases by the factor 1/e is about 4 µm. At the output (homogeneous part of Py) we observe the wave which propagates to the right, as shown in Fig. 5a . Therefore, the energy of the wave in CoFeB which propagates to the left has been vertically transferred to the energy of the wave in Py, which propagates to the right.
With the damping introduced (Fig. 5b) , the amplitudes of both waves in Py15 and CoFeB decrease significantly. The amplitude of the outgoing wave in Py is also severely suppressed. However, it is still visible.
Finally, we analyzed with MuMax3 the transmission of the broadband signal (wave packet) excited in CoFeB to the Py layer. The results are shown in Figs. 3(c) and (d) by the color map. As indicated by intensity map, the signal transmits between the layers only at the vicinity of the crossings. That suggests, a system may operate not only as a short-wavelength SW generator, but also as a frequency filter.
In conclusion, we have shown complete resonant energy exchange between the two spin Damon-Eshbach modes propagating in different ferromagnetic layers. It is possible to utilize this effect to excite short SWs from the long SWs or to filter particular resonant frequency from the wave packet. The other interesting option would be to transfer the whole wave packet from the one medium to another. This could be achieved in finite-size waveguides by optimizing their dispersion relation to obtain broadband resonance.
